A novel battery recharging system for an all-electric driveline comprising a flywheel with a permanent magnet double wound synchronous machine (motor/generator) is presented. The double winding enables two voltage levels and two different power levels. This topology supersedes other all-electric drivelines. The battery operates in a low-power regime supplying the average power whereas the flywheel delivers and absorbs power peaks, which are up to a higher order of magnitude. The topology presents new challenges for the power conversion system, which is the focus of this investigation. The main challenge is the control of the power flow to the battery when the vehicle is parked despite the decay of the flywheel machine voltage; which is dependent on its charge state, that is, rotational speed. The design and simulation of an unidirectional DC/DC buck/boost converter for a variable rotational speed flywheel is presented. Conventional power electronic converters are used in a new application, which can maintain a constant current or voltage on the battery side. Successful PI current control has been implemented and simulated, together with the complete closed loop system.
Introduction
Electric vehicles (EVs) have recently become a more attractive option over combustion engine-based vehicles, because of high fuel prices and environmental concerns. Flywheel systems have shown to be a promising technology for energy storage [1] , mainly due to the flywheel's high power and energy densities. Moreover, their weak dependence on charge and discharge cycle rates provides competitive advantages over other technologies, for example, batteries and supercapacitors. However, the combination of flywheels and batteries applied to vehicles can mitigate drawbacks such as power limitation and battery costs.
A maximum energy density of the flywheel rotor close to 200 Wh/kg has been reported [2] . Currently, commercially usable rotors are limited to approximately 60-80 Wh/kg [3] . Flywheel systems have the advantages of high-power density and the ability to cope with a very large number of charge-discharge cycles. However, the energy density of the flywheel system is low compared with modern lithiumion battery systems, which can go up to 120 Wh/kg. These properties allow the flywheel to transfer a relatively large amount of energy quickly and repeatedly without reducing its performance. Batteries can therefore be optimized with respect to their energy density.
The battery's charge/discharge cycles have a significant effect on the system performance, playing a critical role for the success of future EVs. Therefore, the batteries should be placed in a topology which allows optimum performance, increasing the utilization time [4] .
The proposed system is a two-power-level flywheel energy storage system. The flywheel stator winding has a high-power (HP) side which is connected to wheel motors and a low-power (LP) side which is connected to a main energy source (battery) as seen in Figure 1 .
Contrary to other electric vehicle topologies, the battery is not directly connected to the wheel motor; instead, it is separated by the double wound flywheel motor/generator. In this way, the battery is not directly charged at regenerative breaking as the power is absorbed by the flywheel.
The battery can be recharged by the flywheel either when the flywheel speed exceeds a maximum limit during a drive cycle, or when the car is parked and all the stored energy in the flywheel is transferred back into the battery. The present work focuses on the latter case, since the first one rarely occurs when normal urban drive cycles are taken into account [5] . The output voltage of the flywheel machine decreases when it is used to recharge the battery, due to the decreasing rotational speed. To accommodate the voltage difference, a buck/boost converter is used when the flywheel is charging the battery. This paper is outlined as follows. Section 2 focuses on the recharging process for technologies and applications of battery energy storage, including the present flywheel system. Section 3 introduces the average linear model of the proposed buck/boost chopper and its Proportional-Integral (PI) controller. Section 4 presents the simulation of the LowPower Converter System, when the flywheel works as a generator, focusing on the battery's current/voltage control.
The Flywheel-Battery System
In EV systems, primary requirements for battery chargers are rapid and efficient charging using equipments as simple as possible, avoiding damage to the battery. There are different methods for charging batteries, but the constant current method requires simple and less expensive control equipment compared with other methods [6] .
The charging is arranged in two periods: the bulk charge and the trickle charge. The first charging period is performed at constant current as the battery voltage progressively increases. A constant voltage charging should be applied as soon as the battery voltage reaches the trickle level, which usually occurs when the battery is close to 80% of the maximum state of charge [7] .
Battery charging systems for EVs reported in the literature are generally developed for regenerative braking or grid connection. The battery charging process during regenerative braking requires some sort of step-up circuit, since the back electromotive force of the flywheel machine is lower than the battery voltage. In neighborhood EVs [8] and electric wheel chairs [9] a conventional boost converter is used to achieve regenerative braking. When the battery is charged from the grid, onboard or off-board chargers can be based on step-down or step-up converters, depending on the battery voltage [10, 11] .
The battery charging systems reported in the literature are based on well-known input sources, which is not the case of the present flywheel system application. The voltagedependent flywheel speed can be anywhere within the full range when the battery recharging process starts. The flywheel speed decreases as energy is being extracted. Therefore, the flywheel output voltage decreases proportionally to the rotational speed.
The initial flywheel output voltage is high for high speeds and a buck DC/DC converter is necessary to control constant current into the battery. A buck converter can be used while the flywheel output voltage is higher than the battery charging voltage. A boost DC/DC converter has to be used to keep the current constant (or constant voltage, depending on the charging period) when the flywheel output voltage is lower than the required battery charging voltage.
Two-quadrant bidirectional converters used for battery charging and discharging control have been reported with the buck converter working in the first quadrant and the boost converter working in the second quadrant [12, 13] . A unidirectional buck/boost converter was designed by Mohan et al. [14] , but this topology results in a negative-polarity output with respect to the common terminal of the input voltage, which can not be used for battery charging.
A two-stage unidirectional converter, consisting of a buck and a boost regulator connected in series is proposed for stepping-up and/or -down the signal during the battery charging (see Figure 2 ).
Average Model of Buck/Boost Converter and Its Control Design

Principle of Operation.
The aim of the buck/boost converter is to control the current and voltage during battery recharging, using the energy stored in the flywheel. The stored energy is sent back to the battery when the vehicle is parked. The flywheel motor/generator is connected to a passive rectifier, as shown in Figure 2 . The rectifier output is connected to the unidirectional DC/DC converter. Although connected in series, buck and boost functionality are not used simultaneously in the present application [15] . The converters are connected in series to maintain the current direction, regardless to the operation mode (boost or buck mode). The unidirectional DC/DC converter can operate over a wide range of input voltages, as shown in Figure 2 . The converter can also maximize power transfer, since the boost stage of the converter can provide power factor correction circuitry [11] . The buck stage is used to provide currentcontrolled charging when the input voltage is higher than the battery nominal voltage (e.g., grid charging).
The unidirectional DC/DC converter with combined buck and boost topologies shown in Figure 2 is novel as both converters can work independently. To operate the converter as a buck, S1 is open and S2 is chopping. To operate it as a boost, S1 is chopping and S2 is conducting. 
Controller Design. Constant current/voltage control can be accomplished with a Proportional Integrative (PI)
controller by using the buck and boost converter transfer functions in a closed loop system [16] . The proportional gain and the integrative gain are chosen to obtain the desired pole placement and, consequently, the desired rise time and peak overshot of the system response. The step response of the PI closed loop system for the buck converter is illustrated in Figure 3 . The step response for the boost converter is shown in Figure 4 . Both figures show a short rise time (around 0.02 seconds) and minimal peak overshot (less than 5%). The Nyquist plot of the buck converter in the PI-controlled closed loop system is shown in Figure 5 . The Nyquist Plot of the boost converter in the PI-controlled closed loop system is shown in Figure 6 . Both plots give stable responses according to the Nyquist criterion, since the open loop transfer function of the system has no poles with positive real part. The number of poles with negative real part is equal to the number of circles around the x-coordinate "−1" in the graphs [17] .
Simulations
Simulations are based on the power converter circuit presented in Figure 2 . Flywheel AC output voltage is passively rectified. The DC output voltage of the rectifier is fed to the DC/DC converter. The converter operation mode (buck/boost) is activated after comparing the rectified input voltage to the battery voltage. Henceforth, buck or boost switch control is chosen. The control compares the load current with the reference current during the first charging period. The PI controller minimizes the error between a measured current and a desired set point. The output is compared to a saw tooth source to generate the pulses that polarize the switch S1 or S2. The duty cycle changes depending on the PI controller output signal and fix the load current to the reference, independent of the input signal. During the second charging period, battery charging voltage is desired to be constant instead of battery current. At this stage, as for the first charging period, a measured voltage and a desired set point are compared and controlled by means of the PI controller.
Simulation Results.
A three-phase flywheel permanent magnet machine has been simulated. Simulation conditions are given in Table 1 . Values of L and C were chosen to 100 μH and 200 μF to minimize ripple in the output voltage since both converters operate in continuous conduction mode. The switching frequency was set to 10 kHz. Battery charging current and voltage presented in Table 1 are typical values for low-power lithium-ion batteries. The battery internal resistance R B was assumed to be 1 Ω.
Due to the computational limitations, the simulation time was scaled to a more suitable value which can be handled with a regular computer. The scaled simulation time also forces the control to operate in extreme conditions, since in a regular charging cycle the acceptable response time is larger. The battery charging simulation results are shown in Figure 7 . The simulation started with the battery close to a discharged state, corresponding to 25 V. Initially, the control operates the system in buck mode, since the flywheel output voltage is higher than the battery voltage (see Table 1 ), followed by the boost operation mode. At 1.2 s the flywheel machine output voltage becomes equal to the battery voltage. The battery has reached its nominal voltage of 42 V after 3.4 seconds. Input voltage is then kept constant (at 42 V) and charge current starts to drop as full charge is approached.
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Full charge is reached when battery current is less than 3% of the rated current (1.9 A). The machine stops rotating after 4 s when the battery has reached 100% of its total charge.
Flywheel machine output voltage, flywheel rotational speed, battery current, battery voltage, and current error after the first comparator and the error after the PI controller (Error 1 and 2) are shown in Figure 7 . The lowest panel presents the PWM pulses. The results are shown for the first second of buck operation, followed by the corresponding data of boost operation and constant voltage period.
The Error 1 voltage varies around zero, since the actual current has been kept equal to the reference current, as seen in Figure 7 . The Error 2 increases as a function of the PI controller proportional gain and changes the PWM duty cycle, allowing the switch to be opened for longer periods of times. The longer pulses can be seen at the end of each converter operation interval.
The simulations include losses in the passive components (inductors and capacitors) and in the battery model, given that the present DC/DC converter has a two-stage filter, increasing the number of passive components in the system. The inductors' and capacitors' internal series resistance (ESR) were set to 5 mΩ. Ideal switches were used during the simulation. An efficiency of 92% was obtained after calculating the input power in capacitor C (Figure 2 ) and the output power over the battery.
Conclusions and Discussion
A battery charger converter system for a two-power-level flywheel system containing a passive rectifier and a DC/DC converter has been presented. The designed converter stability was evaluated through simulations under closed loop control. The proposed PI controller is capable of keeping a constant current or voltage during battery charging with a low ripple during buck and boost operation. The simulation indicates that the control is robust enough to allow battery recharging despite the decrease in the flywheel output voltage when slowing down. The battery recharging within the present flywheel system can also be combined to a charging process from the grid by using the same DC/DC converter.
